Abstract Filamin is a scaffolding protein that functions in many cells as an actin-crosslinker.
Introduction
Proper postsynaptic function depends on appropriate localization of receptors and signaling molecules. Scaffolds such as PSD-95/SAP90 and members of the Shank family are critical to achieving this organization. While usually without intrinsic enzymatic activity, scaffolds recruit, assemble, and stabilize receptors and protein networks through multiple protein-protein interactions: they can bind to receptors, postsynaptic signaling complexes, and the cytoskeleton at the postsynaptic density (Sheng and Kim, 2011) . Mutations in these proteins are associated with neuropsychiatric disorders. While we are beginning to understand synapse assembly, much remains to be investigated.
The Drosophila larval neuromuscular junction (NMJ) is a well-studied and genetically accessible glutamatergic synapse. Transmission is mediated by AMPA-type receptors, and several postsynaptic proteins important for its development and function have related proteins at mammalian synapses, including the PDZ-containing protein Discs-Large (DLG) and the kinase Pak (Ataman et al., 2006; Collins and DiAntonio, 2007; Hayashi et al., 2004; Kreis and Barnier, 2009; Penzes et al., 2003) . In addition, the postsynaptic membrane forms deep invaginations and folds called the subsynaptic reticulum (SSR), which are hypothesized to create subsynaptic compartments comparable to dendritic spines. Recently, we found that the SSR is a plastic structure whose growth is regulated by synaptic activity (Teodoro et al., 2013) . This phenomenon may be akin to the use-dependent morphological changes, such as growth of dendritic spines, that occur postsynaptically in mammalian brain. The addition of membrane and growth of the SSR requires the exocyst complex to be recruited to the synapse by the small GTPase Ral; the SSR fails to form in ral mutant larvae.
Moreover, the localization of Ral to a region surrounding synaptic boutons is likely to direct the selective addition of membrane to this domain. Ral thus provided a tractable entry point for better understanding postsynaptic assembly. The mechanism for localizing the Ral pathway, however, was unknown. In the present study, we determined that Ral localization is dependent on cheerio, a gene encoding filamin, which we now show to be critical for proper development of the postsynapse.
Filamin is a family of highly conserved protein scaffolds with a long rod-like structure of Ig-like repeats. With over 90 identified binding partners, some of which are present also at the synapse, mammalian filamin A (FLNA) is the most abundant and commonly studied filamin (Feng and Walsh, 2004) . Filamin can bind actin and has received the most attention in the context of actin cytoskeletal organization (Nakamura et al., 2011) . Drosophila filamin, encoded by the gene cheerio (cher), shares its domain organization and 46% identity in amino acid sequence with human FLNA. Drosophila filamin has a well-studied role in ring canal formation during oocyte development, where it recruits and organizes actin filaments (Li et al., 1999; Robinson et al., 1997; Sokol and Cooley, 1999) . We now show that filamin has an essential postsynaptic role at the fly NMJ. We find that an isoform of this scaffold protein that lacks the actin-binding domain acts via dPak to localize GluRIIA receptors and Ral; filamin thereby orchestrates both receptor composition and membrane growth at the synapse.
Results

Ral localization and postsynaptic membrane addition require filamin
Immunolocalization of Ral expressed in muscles of wild type animals reveals a distinct halo around each synaptic bouton, a distribution resembling that of the subsynaptic reticulum (Teodoro et al., 2013 ; Figure 1 ). This distribution (hereafter subsynaptic Ral) uniformly surrounds the bouton and is therefore distinct from the more punctate distribution of glutamate receptors, which are restricted to the membranes immediately opposite active zones (Petersen et al., 1997) . Wild type Ral and Ral mutants locked in either the GTP or GDP-bound states share this subsynaptic distribution control) . To determine factors responsible for Ral localization, we expressed in larval muscle RNAi directed against candidate proteins, including filamin (Ohta et al., 1999) , that are reported in the literature or in proteomic databases to interact with Ral. RNAi against filamin prevented the concentration around boutons of expressed Ral transgenes ( Figure 1B , C, and F). To verify the RNAi phenotype, we used a combination of existing alleles: cher Q1415sd , a truncation that behaves genetically as a null allele, and cher D12.1 , a deficiency lacking the entire coding region (Li et al., 1999; Sokol and Cooley, 1999) . cher Q1415sd /cher D12.1 larval muscles, like those expressing filamin RNAi, lacked subsynaptic Ral ( Figure 1D and F). Ral was still present in the muscle cytoplasm, and there was no change in total protein levels of Ral. Muscles lacking filamin still developed grossly normal and the innervation of muscles 6/7 had an architecture and bouton number comparable to controls (Figure 1-figure supplement 1A-D). During SSR growth, activated Ral recruits the exocyst, a membrane-tethering complex that can be visualized by immunostaining for Sec5, a central component of the complex (Teodoro et al., 2013) . Overexpressing GTP-locked Ral (Ral GTP ) in muscles activates subsynaptic exocyst recruitment.
Concurrent knockdown of filamin in the muscles, however, prevented exocyst recruitment by Ral GTP (Figure 1E and F) . Together, these data support the conclusion that filamin is required for localizing the pathway for activity-dependent postsynaptic membrane growth.
Filamin regulates postsynaptic membrane architecture
Because the absence of filamin prevented the synaptic targeting of Ral and subsequent recruitment of the exocyst, we suspected that SSR formation would also be compromised. To test this, we first used an antibody against Syndapin, an SSR marker (Kumar et al., 2009a) . Syndapin immunoreactivity was greatly reduced with both muscle expression of filamin RNAi and the cher Q1415sd /cher D12.1 genotype (Figure 2A and B). We confirmed by electron microscopy that the change in Syndapin reflected a reduction in SSR size ( Figure 2C and D). Many cher Q1415sd /cher D12.1 boutons completely lacked the SSR: the presynaptic bouton only faced a single layer of membrane with appropriate postsynaptic densities opposite the active zones. Others had SSR but it extended less deeply into the muscle than in controls and lacked the characteristic complexity of membrane folds. Moreover, illustrating the locations of postsynaptic components. The presynaptic active zone, marked by an electron-dense T-bar (white), faces the postsynaptic density (PSD) that contains glutamate receptors (magenta) and associated signaling molecules (blue). The extensively folded postsynaptic membrane, the subsynaptic reticulum (SSR, green), occupies a subsynaptic region that extends into the muscle and surrounds the boutons. The SSR contains membrane curvature proteins, including Syndapin, and signaling molecules, including Ral. Proteins in the SSR are not uniformly distributed throughout; some components, including Dlg, are restricted to the more superficial layers (Koles et al., 2015) . (B-C) Confocal images of NMJs immunostained for constitutively-active Ral GTP (B) or GDP-locked Ral (C) expressed in muscles of control larvae (G14-Gal4/+;UAS-Ral GTP /+ and G14-Gal4/UAS-Ral GDP ;+/+) and larvae with muscle co-expression of RNAi against filamin (G14-Gal4/+;UAS-Ral GTP /UAS-filamin RNAi and G14-Gal4/UAS-Ral GDP ;UAS-filamin RNAi/+). To detect Ral, an anti-Ral antibody that does not noticeably detect endogenous Ral (Teodoro et al., 2013 ) is used. In this and all subsequent figures, presynaptic nerve terminals are labeled using an antibody against neuronal membrane marker HRP (horseradish peroxidase). (D) Confocal images of NMJs immunostained for HA-Ral expressed in the postsynaptic muscles of control (UAS-HA-Ral/G14-Gal4;cher D12.1 /+) and filamin null larvae even with muscle overexpression of Ral GTP , a genotype characterized by overgrowth of the SSR in a wild type background (Teodoro et al., 2013) , no restoration of the SSR was detected; Syndapin immunoreactivity was not increased above the levels in muscles expressing filamin RNAi alone ( Figure 2E and F). We conclude that filamin enables SSR formation via recruitment of subsynaptic Ral. Discs-Large (DLG) is another postsynaptic constituent required for SSR formation. A fly homologue of PSD-95/SAP97/PSD-93, it is a member of the membrane-associated guanylate kinase (MAGUK) family of scaffolding proteins and is a key player in NMJ development (Budnik et al., 1996; Lahey et al., 1994) . It is present both within presynaptic boutons and in the portion of the SSR closest to the bouton (Koles et al., 2015) . Knocking down filamin disrupted the localization of DLG to the postsynapse, as did the cher Q1415sd /cher D12.1 allelic combination ( Figure 2G The short FLN90 isoform is required for SSR formation, while the long isoform is dispensable
In Drosophila oocytes, the cher 1 allele disrupts actin architecture and fails to recruit ring canal proteins (Li et al., 1999; Robinson et al., 1997) . We therefore expected that cher 1 phenotypes would match those of filamin RNAi and the cher Q1415sd allele. Contrary to our expectations, in cher 1 / cher D12.1 larvae Syndapin was present surrounding boutons at nearly wild type levels ( Figure 3A ).
Subsynaptic Ral immunoreactivity was significantly decreased, but to a far lesser extent than with the cher Q1415sd allele ( Figure 3B ). At muscle 4, a muscle where bouton size and morphology are less variable than at muscles 6 and 7 (shown in Figure 3A and B), the cher 1 phenotype was even weaker ( Figure 3C ). What could account for the discrepancy between cher 1 and cher Q1415sd ? The cheerio locus produces two transcripts that give rise to two filamin isoforms: (1) a 7.5 kb transcript produces a full-length 240 kDa protein (FLN240, the 'long isoform') and (2) a 3 kb transcript produces a 90 kDa protein (FLN90, the 'short isoform'). The latter is derived from the 3' end of the 7.5 kb transcript, such that FLN90 comprises the C-terminal portion of FLN240 ( Figure 3D ) (Li et al., 1999; Sokol and Cooley, 1999) . The RNAi initially used to identify filamin in our study targets this shared region, thereby knocking down both isoforms. In wild-type whole larval lysates, an antibody directed against the C terminus shared by both isoforms (Li et al., 1999) detected bands corresponding to both isoforms. The specificity of the immunoreactive bands was confirmed by their loss in cher Q1415sd /cher D12.1 larvae ( Figure 3E ). In cher 1 /cher D12.1 (abbreviated as cher 1 ), however, the FLN90 band was still present although FLN240 was not detectable with either a C-terminus-( Figure 3E ) or an N-terminusdirected antibody (Külshammer and Uhlirova, 2013) . The continued presence of FLN90 is consistent with the molecular characterization of cher 1 in which a P-element disrupts only the 7 kb transcript (Sokol and Cooley, 1999 ( Figure 3E ) (the remaining protein is probably due to residual maternal protein) and only a truncated N-terminal fragment of FLN240 is made (Li et al., 1999; Cooley, 1999, 2003) . This difference between the alleles correlates with their different phenotypes at the NMJ and suggests that the FLN90 isoform that persists in cher 1 is sufficient to permit SSR formation. We addressed this possibility also by genetic rescue. When only the FLN90 isoform was expressed in muscles of filamin-null larvae lacking both isoforms, levels of Syndapin immunoreactivity were restored ( Figure 3F and G, and Figure 3 -figure supplement 1). Therefore, FLN90 expression in the muscle is sufficient to drive SSR growth.
To determine whether the short isoform is localized to the synapse, we visualized the pattern of endogenous filamin expression with two anti-filamin antibodies. One antibody (Külshammer and Uhlirova, 2013; hereby referred to as anti-FLN-N) is directed against residues 189-482, which form the actin-binding domain and the first two Ig-like repeats on the N terminus; therefore, it detects only the long isoform. The other antibody (Li et al., 1999 ; hereafter anti-FLN-C) is directed against 90 residues at the C terminus and detects both isoforms ( Figure 3D ). FLN-N immunoreactivity was apparent in nerve, trachea, and glia, and in puncta in presynaptic boutons ( Figure 4A ). FLN-C immunoreactivity was diffuse throughout muscle cytoplasm, in trachea, and within synaptic boutons, but markedly greater surrounding the boutons in a manner similar to Ral and Syndapin. The specificity of this subsynaptic signal was confirmed by knocking down filamin in the muscles, which resulted in loss of the postsynaptic but not the presynaptic signal ( Figure 4B ).
The ability to detect the postsynaptic signal with FLN-C but not FLN-N indicated that FLN90 is the isoform present postsynaptically. This was also confirmed by biochemical analysis. Lysates of larval pelts, which are composed primarily of body wall muscles, contained almost exclusively the short isoform; in contrast, the long isoform was predominant in lysates of larval brain. In addition, RNAi expression in muscle removed the FLN90 band but not the long isoform which is likely contributed by other cell types in the pelts, while RNAi expression in the nervous system had the reverse effect ( Figure 4C and D) . Similarly, at cher Q1415sd /cher D12.1 NMJs, the filamin signal was strongly reduced, but in cher 1 /cher D12.1 NMJs, filamin immunoreactivity still surrounded the boutons ( Figure 4E ).
Moreover, an epitope-tagged short isoform (GFP-FLN90), when expressed in muscles, surrounds the synaptic boutons ( Figure 4F ). Together, multiple lines of evidence indicate that the postsynaptic signal is mostly, and perhaps entirely, derived from the short FLN90 isoform and that this isoform is sufficient to achieve SSR formation.
Filamin is also present in muscles earlier during NMJ development ( Figure 4 -figure supplement 1). In late-stage embryos and first-instar larvae it is diffuse in the muscles, including at sites of nerve contact; this continues into the second-instar stage although FLN90 is noticeably more concentrated around the boutons at this time. Thus the accumulation of filamin in the vicinity of boutons occurs in parallel with the expansion of the SSR. To determine whether filamin accumulation required the growth of the SSR, we examined FLN90 expression in genetic ral null (ral G0501 ) NMJs, which lack the SSR due to the loss of Ral-mediated membrane growth (Teodoro et al., 2013) . Synaptic FLN90 localization was unaffected by the absence of Ral; it continued to surround the boutons of third instar larvae, as in wild type ( Figures 4F and 5) . Thus, the finding that SSR growth depends on filamin expression but filamin localization does not require SSR growth indicates that filamin localization is a cause rather than a consequence of growth of the SSR.
FLN90 is required for localizing type-A GluRs at the synapse
To determine whether other synaptic features depend on filamin expression, we examined the distribution of glutamate receptors. The fly NMJ expresses two classes of AMPA-type receptors that differ in one of four subunits: type A have the GluRIIA subunit, while type B have GluRIIB (DiAntonio, 2006) . At a given receptive field opposing each neurotransmitter release site, both types are present, with their relative ratio shifting over the course of development. At immature synapses, type-A receptors predominate, but over time the balance shifts as type-B receptors are added (Marrus et al., 2004; Thomas and Sigrist, 2012) . Knocking down filamin in muscles significantly reduced the synaptic immunoreactivity of GluRIIA without altering the levels of GluRIIA protein in larval lysates ( Figure 6A and B, and Figure 6 -figure supplement 1A). FLN90 mediates localization of GluRIIA: synaptic GluRIIA was severely reduced in cher Q1415sd /cher D12.1 but negligibly in cher 1 /cher D12.1 ( Figure 6A and B). In contrast, synaptic GluRIIB levels were unaltered or increased by loss of filamin ( Figure 6C and D). The change in receptor localization was predominantly a change in the nature rather than the number of receptor clusters. In the absence of filamin, GluRIIApositive puncta were smaller while GluRIIB-positive puncta were larger ( Figure 6B and D) . The number of GluRIIC-positive puncta, which represent both the type-A and type-B receptors, did not change significantly, but their average size and summed intensity were significantly reduced ( Figure 6E and F) . Neither the average size and number of presynaptic active zone puncta marked by Brp -nor their summed immunofluorescence -changed significantly upon muscle filamin knockdown, although there was a trend to fewer Brp puncta (a 13% decrease, p=0.08). Therefore, the primary consequence of the loss of filamin is a change in the glutamate receptor composition of each receptive field.
To better understand the nature of the shift in GluR composition, we recorded spontaneous and evoked synaptic events using whole-cell recordings in control and filamin-knockdown muscles. The average amplitude of miniature EPSPs did not change in the absence of filamin, but 36% fewer miniature events were detected ( Figure 7A and B) . The amplitude of evoked potentials, judged from peak height or the area under the curve, did not change significantly ( Figure 7C and D) . The selective reduction in mEPSP frequency may be attributed, in part, to the decrease in the number of presynaptic release sites ( Figure 6E and G), though that decrease was too slight to account for the full effect. It is possible that the reduction in synaptic GluRIIA at a subset of release sites caused some miniature events to fall below the level of detection and into the noise, as has been suggested for GluRIIA-null synapses (Petersen et al., 1997) . (E) Confocal images of NMJs at muscle 6/7, showing the apposition of releases sites (Bruchpilot/Brp immunoreactivity) and GluRIIC, the pan-GluR Figure 6 continued on next page
Unlike the localization of Syndapin, the localization of GluRIIA was independent of either Ral or SSR formation. At ral null synapses, which lack SSR, synaptic GluRIIA distribution was unaltered (Figure 6-figure supplement 1B) . Thus the localization of GluRIIA occurs downstream of cher but independently of ral and can occur even in the absence of SSR development. Synaptic dPak is required to localize Ral to enable SSR growth
The p21-activated kinase Pak and Ral have been independently reported to regulate the formation of both the SSR (Parnas et al., 2001; Teodoro et al., 2013) and mammalian dendritic spines (Penzes et al., 2003; Teodoro et al., 2013; Zhang et al., 2005) but have not been placed in a single pathway and downstream effectors of dPak-mediated SSR formation have not been reported. We therefore asked whether Ral and dPak lie in the same pathway with dPak upstream of Ral. The genotype dPak 6 /dPak 11 is functionally null and has a thin SSR (Hing et al., 1999; Parnas et al., 2001 ). In dPak 6 /dPak 11 larvae, subsynaptic HA-Ral localization was greatly reduced ( Figure 8A and B) . When we tested the converse using ral G0501 , a genetically null mutant that survives to the third-instar stage and lacks SSR (Teodoro et al., 2013) , dPak localization was comparable to that of wild type ( Figure 8C and D) . Thus Ral localization depends on dPak expression and functions genetically downstream of dPak. We investigated this pathway further by examining another protein required for SSR formation and Pak localization. Pix, a GEF for Rac, localizes Pak to focal complexes and postsynaptically at the fly NMJ and in mammalian spines (Parnas et al., 2001; Zhang et al., 2005 Figure 8E and F). Thus subsynaptic Ral localization, and consequently growth of the SSR, requires both dPak and Pix.
dPak localizes Ral to the synapse via its kinase activity
Pak is a kinase which, depending on the context, may also function as a kinase-independent scaffold (Bokoch, 2003; Daniels et al., 1998; Frost et al., 1998) . At the fly NMJ, kinase activity is required for recruitment of DLG and GluRIIA (Albin and Davis, 2004) . Having observed that synaptic dPak regulates Ral localization, we tested whether this is also mediated by its kinase activity by taking advantage of existing mutant alleles. The dPak 3 allele is a G-to-D point mutation in the DFG catalytic triplet conserved in all kinases and is thought to render the kinase domain inactive (Hing et al., 1999) ; the dPak 21 allele produces a truncated dPak missing the entire kinase domain (Newsome et al., 2000) . When each was placed in trans to a dPak 11 (null) allele, synaptic recruitment of epitope-tagged Ral was severely diminished ( Figure 8A and B) . Therefore, the kinase activity of dPak is necessary for recruitment of Ral to the synapse.
Filamin is required for synaptic localization of dPak
The placement of dPak upstream of Ral in the pathway for SSR development raised the question of dPak's relationship to filamin. Indeed, the reported NMJ phenotypes for dPak (Albin and Davis, 2004; Parnas et al., 2001 ) closely resemble those we found for filamin: a selective decrease in synaptic GluRIIA, a decrease in synaptic DLG, and a lack of SSR. Moreover, mammalian Pak binds and phosphorylates FLNA (Vadlamudi et al., 2002) . We therefore examined their relationship at the fly NMJ. In muscles lacking filamin, either due to muscle-specific knockdown of filamin or the cher Q1415sd /cher D12.1 genotype, synaptic levels of both endogenous and GFP-tagged dPak were significantly reduced (Figure 9 ). Indeed, GFP-dPak was almost undetectable at synapses when filamin was knocked down (Figure 9-figure supplement 1A) . Conversely, when dPak was knocked down in muscle, filamin was still present at the synapse, although reduced relative to control NMJs ( Figure 9C and D) . Thus filamin and dPak lie in a pathway with filamin most likely acting upstream of dPak localization. To determine whether Drosophila FLN90 and dPak also interact physically, we employed in situ proximity ligation assay (PLA), which detects when two proteins are within 40 nm of each other. Because the postsynaptic compartment is crowded and therefore may yield PLA positive signal without a direct interaction of the two proteins, we instead expressed FLN90 and dPak in a heterologous system. V5-dPak was coexpressed in HEK293T cells with either GFP-FLN90 or GFP alone as a control and their association was tested with anti-V5 and anti-GFP antibodies. PLA-positive cells represented a much higher fraction of GFP+ cells when V5-dPak was co-expressed with GFP-FLN90 (484 of 973) than with GFP alone (142 of 979) ( Figure 9G) . Therefore, the filamin-Pak interaction is conserved across species and suggests that synaptic dPak localization is achieved through its direct binding to filamin. (11) (6) (6) (6) intensity normalized to control Across systems, Pak is usually found in a signaling complex with its direct activators such as Rac, and studies have suggested that this role for Rac is conserved at the fly NMJ (Albin and Davis, 2004) . Since mammalian Pak and Rac are both reported to bind FLNA (Ohta et al., 1999; Vadlamudi et al., 2002) , we tested whether synaptic Rac localization is also filamin-dependent. GFP-tagged Rac1 expressed under its endogenous promoter (Abreu-Blanco et al., 2014) was present both pre-and postsynaptically at the NMJ. However, with filamin knockdown in muscle, the postsynaptic signal was barely detectable, causing a significant reduction in overall synaptic levels (combined pre-and-postsynaptic immunoreactivity; Figure 9E and F). Together, the genetics indicate that filamin is necessary for postsynaptic localization of dPak and its signaling partner Rac.
Discussion
In this study we demonstrate that filamin is essential to orchestrating the recruitment of core components of the postsynaptic machinery. Filamin is a highly conserved protein whose loss of function is associated with neurodevelopmental disorders. In humans, mutations in the X-linked FLNA cause periventricular heterotopia, a disorder of cortical malformation with a wide range of clinical manifestations such as epilepsy and neuropsychiatric disturbances (Feng and Walsh, 2004; Fox et al., 1998; Robertson, 2005) . Studies in rodent models have shown that abnormal filamin expression causes dendritic arborization defects in a TSC mouse (Zhang et al., 2014) and that filamin influences neuronal proliferation (Lian et al., 2012) . Filamin is present in acetylcholine receptor clusters at the mammalian NMJ (Bloch and Hall, 1983; Shadiack and Nitkin, 1991) , but its function there is unknown. In lysates of the mammalian brain, filamin associates with known synaptic proteins such as Shank3, Neuroligin 3, and Kv4.2 (Petrecca et al., 2000; Sakai et al., 2011; Shen et al., 2015) . A recent report indicated that filamin degradation promotes a transition from immature filopodia to mature dendritic spines (Segura et al., 2016) , a phenomenon that is likely to be related to the actinbundling properties of the long isoform of filamin. Data in the present study have uncovered a novel pathway that does not require the actin-binding domain of filamin. In this pathway, postsynaptically localized filamin, via Pak, directs two distinct effector modules governing synapse development and plasticity: (1) the Ral-exocyst pathway for activity-dependent membrane addition and (2) the composition of glutamate receptor clusters (Figure 10 ). These pathways determine key structural and physiological properties of the postsynapse.
Although loss of filamin had diverse effects on synapse assembly, they were selective. Musclespecific knockdown or the cher Q1415sd allele disrupted type-A but not type-B GluR localization at the postsynaptic density ( Figure 6) . Likewise, the phenotypes for muscle filamin were confined to the postsynaptic side: the presynaptic active zone protein Brp and overall architecture of the nerve endings were not altered by muscle-specific knockdown (Figure 1-figure supplement 1C , Figure 6E and G). The specificity of its effect on particular synaptic proteins, and the absence of the actin-binding region in FLN90, suggests that filamin's major mode of action here is not overall cytoskeletal organization, but rather to serve as a scaffold for particular protein-protein interactions.
Filamin is a platform for postsynaptic structural maturation and plasticity
Analysis of the distribution of the SSR marker Syndapin and direct examination of the subsynaptic membrane by electron microscopy revealed that formation of the SSR required filamin. Genetic analysis uncovered a sequential pathway for SSR formation from filamin to the Pak/Pix/Rac signaling complex, to Ral, to the exocyst complex and consequent membrane addition. The SSR is formed during the second half of larval life and may be an adaptation for the low input resistance of thirdinstar muscles. Like dendritic spines, the infoldings of the SSR create biochemically isolated compartments in the vicinity of postsynaptic receptors and may shape physiological responses, although first-order properties of the synapse, such as mini-or EPSP amplitude are little altered in mutants that lack an SSR (Gorczyca et al., 2007; Kumar et al., 2009b) . The formation of the SSR requires transcriptional changes driven by Wnt signaling and nuclear import (Korkut and Budnik, 2009; Mosca and Schwarz, 2010; Packard et al., 2002) , proteins that induce membrane curvature (such as Syndapin, Amphiphysin, and Past1) (Koles et al., 2015; Kumar et al., 2009a) , and Ral-driven, exocyst-dependent membrane addition (Teodoro et al., 2013) . The activation of Ral by Ca 2+ influx during synaptic transmission allows the SSR to grow in an activity-dependent fashion. The localization of Ral to the region surrounding the bouton appears crucial to determining the site of membrane addition because Ral localization precedes SSR formation and exocyst recruitment and because exocyst recruitment occurred selectively surrounding boutons even when Ca 2+ -influx occurred globally in response to calcimycin (Teodoro et al., 2013) . We have now shown that Ral localization, and consequently exocyst recruitment, membrane growth, and the presence of the SSR marker Syndapin, are all dependent on a local action of filamin at the synapse. FLN90, the filamin short isoform, localized to sites of synaptic contact and indeed surrounded the boutons just as does Ral (Figure 4) . When this postsynaptic filamin was removed by muscle-specific filamin knockdown or the cher Q1415sd allele, the downstream elements of the pathway, Pak, Rac, Ral, the exocyst, and Syndapin, were no longer synaptically targeted. The mislocalization is not a secondary effect of loss of the SSR but likely a direct consequence of filamin loss, as Pak and Ral can localize subsynaptically even in the absence of the SSR (Figure 6 -figure supplement 1B, Teodoro et al., 2013) . Unlike the likely mode of action of nuclear signaling by Wnt, the delocalization of Ral was not a consequence of altered protein production; its expression levels did not change (Figure 1-figure supplement 1A) . Thus filamin may be viewed as orchestrating the formation of the SSR and directing it to the region surrounding synaptic boutons. Filamin is required to localize dPak to the synapse and dPak is required for Ral localization, without which exocystand activity-dependent growth of the SSR cannot occur. Independently of Ral, dPak localization is also needed for GluRIIA to cluster at the postsynaptic density which is otherwise composed only of type-B receptors. In both branches of the pathway, dPak acts as a kinase and with its associated partners Pix and Rac1. DOI: 10.7554/eLife.19991.017
Filamin regulates postsynaptic receptor composition
The second major feature of the filamin phenotype was the large reduction in the levels of the GluR-IIA receptor subunit from the postsynaptic membranes. GluRIIA and GluRIIB differ in their electrophysiological properties and subsynaptic distribution (DiAntonio et al., 1999; Marrus et al., 2004) . Because type B GluRs, which contain the IIB subunit, desensitize more rapidly than type A, the relative abundance of type A and type B GluRs is a key determinant of postsynaptic responses and changes with synapse maturation. The selective decrease in GluRIIA at filamin-null NMJs is likely a consequence of dPak mislocalization: filamin-null NMJs lack synaptic dPak, and dPak null NMJs lack synaptic GluRIIA (Albin and Davis, 2004; Parnas et al., 2001) . Moreover, the first-order electrophysiological properties at NMJs lacking filamin resembled those reported at NMJs missing dPak (Parnas et al., 2001 ). In our study, though, only the change in mEPSP frequency was statistically significant. At filamin-null NMJs, the decrease in GluRIIA is accompanied by an increase in GluRIIB, suggestive of a partial compensation that could account for the relatively normal synaptic transmission. Because the IIA and IIB subunits differ in desensitization kinetics and regulation by second messengers (DiAntonio, 2006) , functional consequences of filamin loss may become more apparent with more extensive physiological characterizations at longer time scales. While both SSR growth and receptor composition required the kinase activity of dPak, receptor composition was independent of Ral and thus represents a distinct branch of the pathway downstream of dPak. As with Ral, the loss of GluRIIA from the synapse was due to delocalization and not a change in expression of the protein, consistent with unaltered GluRIIA transcripts in dPak null animals (Albin and Davis, 2004) . Thus filamin, via dPak, alters proteins with functional significance for the synapse as well as its structural maturation.
Filamin as a postsynaptic scaffold
Mammalian filamin, via its many Ig-like repeats, has known scaffold functions in submembrane cellular compartments (Popowicz et al., 2006; Stossel et al., 2001 ) and filamin is therefore likely also to serve as a scaffold at the fly NMJ. Our epistasis data indicate that filamin recruits Ral through recruitment of a signaling complex already known to function at the fly NMJ: dPak and its partners dPix and Rac (Albin and Davis, 2004; Parnas et al., 2001) . Mammalian filamin is reported to directly interact with Ral during filopodia formation (Ohta et al., 1999) , however the details of their interaction at the fly NMJ are less clear. Because Ral localization requires filamin to recruit dPak and dPix and specifically requires the kinase activity of dPak, it is possible that either Ral or filamin need to be phosphorylated by dPak to bind one another. Mammalian filamin interacts with some components of the Pak signaling complex (Bellanger et al., 2000; Ohta et al., 1999) and is a substrate of Pak (Vadlamudi et al., 2002) . We have now shown that Drosophila filamin and PAK interact when coexpressed in HEK cells, and thus a direct scaffolding role for FLN90 in the recruitment of Pak and the organization of the postsynapse is likely.
The overlapping but different distributions of filamin and its downstream targets indicate that its scaffolding functions must undergo regulation by additional factors. The proteins discussed here take on either of two patterns at the synapse. Some, like Ral, Syndapin, and filamin itself, are what we have termed subsynaptic and, like the SSR, envelope the entire synaptic bouton. Others, like dPak and its partners and the GluRIIA proteins, are concentrated in much smaller regions, immediately opposite presynaptic active zones, where the postsynaptic density (PSD) is located. We hypothesize that filamin interacts with additional proteins, including potentially transsynaptic adhesion proteins, that localize filamin to the subsynaptic region and also govern to which of the downstream effectors it will bind. Indeed, it appears paradoxical that dPak, though predominantly at the postsynaptic density is nonetheless required for Ral localization throughout the subsynaptic region. If dPak is needed to phosphorylate either filamin or Ral to permit Ral localization, the phosphorylations outside the PSD may be due to low levels of the dPak complex in that region; synaptic dPak was previously shown to be a relatively mobile component of the PSD (Rasse et al., 2005) .
Evidence for FLN90-specific function at the synapse Filamin was the first nonmuscle actin-crosslinking protein to be discovered Stossel and Hartwig, 1975) . With an actin-binding domain at the N terminus, the long isoform of filamin and its capacity to integrate cellular signals with cytoskeletal dynamics have subsequently been the focus of the majority of the filamin literature (Nakamura et al., 2011; Popowicz et al., 2006; Stossel et al., 2001) . At the NMJ, however, this was not the case. Several lines of evidence indicated that the short FLN90 isoform of filamin, which lacks the actin-binding domain, plays an essential role in postsynaptic assembly. First, the short FLN90 isoform was the predominant and perhaps the only isoform of filamin found expressed in the muscles. Second, both endogenous and overexpressed FLN90 localized subsynaptically. Third, loss of the short isoform disrupted localization of postsynaptic components while lack of just the long isoform had little or no effect. Lastly, exogenous expression of just the short isoform in filamin null background sufficiently rescued the defect in SSR growth. The modest postsynaptic phenotypes of the cher 1 allele, which predominantly disrupts the long isoform, may be due to small effects of the allele on expression of the short isoform or may be an indirect consequence of the presence of the long isoform in the nerve terminals. The existence of the short isoform has been reported in both flies and mammals and may be produced either by transcriptional regulation or calpain-mediated cleavage (Browne et al., 2000; van der Flier and Sonnenberg, 2001; Gorlin et al., 1990; Savoy and Ghosh, 2013; Wang et al., 2007) . The short isoform can be a transcriptional co-activator (Loy et al., 2003; Wang et al., 2007) , but its functional significance and mechanisms of action have been largely elusive. The short isoform has little or no affinity for actin (Nakamura et al., 2007) , but most of the known sites for other protein-protein interactions are shared by both isoforms. Thus the structure of FLN90, with nine predicted Ig repeats and likely protein-protein interactions, is consistent with a scaffolding function to localize key synaptic molecules independent of interactions with the actin cytoskeleton.
Our study has introduced filamin as a major contributor to synapse development and organization. The severity of the phenotypes indicates filamin has a crucial role that is not redundant with other scaffolding proteins. The effects of filamin encompass several much-studied aspects of the Drosophila NMJ: the clustering and subunit subtype of glutamate receptors and the plastic assembly of specialized postsynaptic membrane structures. The pathways that govern these two phenomena diverge downstream of Pak kinase activity and are dependent on filamin for the proper localization of key signaling modules in the pathways. By likely acting as a scaffold protein, the short isoform of filamin may function as a link between cell surface proteins, as yet unidentified, and postsynaptic proteins with essential localizations to and functions at the synapse. Because many of the components of these pathways at the fly NMJ are also present at mammalian synapses and can interact with mammalian filamin, a parallel set of functions in CNS dendrites merits investigation.
Materials and methods
Drosophila husbandry and genetics
Flies were maintained on standard medium at 25˚C. For larval collection, eggs were laid and grown on grape juice plates and yeast paste at 25˚C. For RNAi experiments, collection of RNAi expressing strains and their controls were set up at 29˚C to maximize the efficiency of knockdown. GFP-expressing balancer chromosomes were used to facilitate genotyping of larvae.
For tissue-specific transgene expression, G14-Gal4 (Aberle et al., 2002) and MHCGS (without addition of RU486) (Osterwalder et al., 2001 ) were used to drive UAS constructs' expression in muscles and C155-Gal4 for expression in neurons. Transgenic UAS lines used, UAS-driven RNAi lines, and mutant alleles used are described in tables below: For UAS-HA-Ral, the cDNA sequence was subcloned from LD21679 obtained from the Drosophila Genomics Resource Center (Bloomington, IN) into the pDONR221 entry vector. The attB primer sequences used for this are: attB1: 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAGCAAGAAGCCGACAGCC -À3' attB2: 5' -GGGGACCACTTTGTACAAGAAAGCTGGGTCTAAAGTAGGGTACACTTAAGTC -3' The destination vector (pTHW) is a pUAST vector containing an HA-tag at the N terminus, obtained from the Drosophila Genomics Resource Center (Bloomington, IN) .
Gal4 drivers used
For UAS-GFP-FLN90, the cDNA sequence was subcloned from RE44980 obtained from the Drosophila Genomics Resource Center (Bloomington, IN) into the pDONR221 entry vector. The attB primer sequences used for this are:
attB1: 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCCTAGCGGTAAAGTAGAC -3' attB2: 5'-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACACATCGATCTGGAATGG -3' The destination vector (pTGW) is a pUAST vector containing a GFP-tag at the N terminus, obtained from the Drosophila Genomics Resource Center (Bloomington, IN) .
Expression of respective proteins were verified in Drosophila S2 cells co-expressing a construct for Actin-Gal4, with immunofluorescence and biochemistry.
P-element transformation
The verified expression vectors were sent to BestGene (Chino Hills, CA) for injection into embryos with w1118 background and incorporation via p-element transformation.
Immunohistochemistry
Third instar larvae were pinned down onto Sylgard-coated plates using 0.1 mm minutien pins (Fine Science Tools, Foster City, CA) and dissected in PBS (phosphate-buffered saline) using techniques similar to those described in Brent et al., 2009 . Gut and fat body were removed, while the CNS was kept intact until after fixation. Larval fillets were fixed with either PFA or Bouin's Fixative (see below), then extensively washed using PBT (0.3% Triton-X (Sigma-Aldrich, St. Louis, MO) in PBS). Blocking was done for 30 min-1 hr at room temperature, using 5% normal goat serum in PBT. Primary antibody incubation was performed overnight in 4˚C, in blocking solution. Subsequently, larvae were extensively washed using PBT and secondary antibodies were added in blocking solution for 1 hr at room temperature. After extensive washing using PBT, larvae were mounted onto slides in VectaShield (Vector Labs, Burlingame, CA) as the mounting medium, covered with coverslips which were then sealed using nail polish (Sally Hansen Hard As Nails Xtreme Wear). Slides were stored in À20˚C until ready to image.
Fixative conditions
. PFA: 4% Paraformaldehyde diluted using 1X PBS from a 37% stock (Electron Microscopy Services, Hatfield, PA); 20 min at room temperature 
Confocal imaging and data analysis
Muscle 6/7 from segments A2 and A3 were imaged and analyzed, unless otherwise stated. All confocal images were acquired using the LSM700 and LSM710 confocal microscopes (Zeiss). For all images, the pinhole size was set to one airy unit, making each optical section 0.4 um.
Analysis of immunofluorescence intensity
For analyzing immunofluorescence intensity, maximum intensity projections from z-stacks were used. For consistency, quantification was semi-automated using a macro on ImageJ (NIH) (See below for details). Briefly, the intensity was measured and divided by the area of its respective ROI and the background intensity/area was subtracted. To define an ROI for measurements of synaptic immunofluorescence for a given protein, the area of the presynaptic endings was first selected on the basis of anti-HRP staining. At a control synapse, this area was then expanded by a constant and empirically determined distance so as to encompass sufficient of the surrounding muscle to represent the maximum subsynaptic area occupied by that protein. That distance was then used to define the ROI in all genotypes for that protein. For different proteins, the values ranged from 0.1-0.9 mm. The background intensity for muscle cytoplasm in a given specimen was obtained by expanding the anti-HRP area by a 2 mm radius (well beyond the subsynaptic region) and then defining an ROI as a shell 5.3-um-thick surrounding that zone. All quantifications are shown as mean values normalized to respective controls, with standard errors. For pairwise comparisons, statistical significance was determined using a two-tailed unpaired t test with Welch's correction for unequal SDs, unless otherwise indicated in figure legends. All multiple comparisons in were performed using Kruskal-Wallis test with Dunn's multiple comparisons test. The macro used to quantify synaptic immunofluorescence is summarized as follows:
1. ) Z-projection
. Maximum intensity projection 2. ) Segmentation of ROI . Based on the area delimited by the presynaptic HRP staining . Threshold, then binarize, the HRP channel using ImageJ's automatic thresholding algorithm fi 'HRP-ROI'
. Expand the HRP-ROI by a constant specific to the protein analyzed. For example, for Syndapin the ROI was expanded by 0.9 um to appropriately capture all synaptic Syndapin even at maximal expression. 3. Measurement of synaptic intensity . Intensity measurement limited to the ROI set above 4. Background measurement . Delineate a 5.3-um-thick ROI/annulus that is 2 um radius away from HRP-ROI . Intensity measurement limited to the background ROI 5. Synaptic intensity (a.u / area) subtracted by background intensity (a.u / area) ECL reaction was performed using SuperSignal West Dura Extended Duration Substrate (Pierce Biotechnology, Thermo Scientific). 
Primary antibodies used in this study
Electrophysiology
Larvae were grown and collected as described above. third-instar larvae were dissected on Sylgardcoated plates in ice-cold Ca-free HL3 solution (Stewart et al., 1994) , with the segmental nerves severed just before recording. Recordings were performed in HL3 solution with 1 mM Ca +2 , from muscles 6/7 in abdominal segments A2 and A3 using 10-20 mW sharp glass electrodes filled with 3M KCl. Miniature events were recorded at least 1 min after obtaining a stable membrane potential, in a 90 s period. For recording evoked potentials, severed segmental nerves innervating the respective muscles were stimulated using a suction electrode filled with the bath solution, via 0.2 Hz stimuli delivered through Clampex and the A365 stimulus isolator (WPI, Sarasota, FL). Only recordings with resting Vm < À55 mV were included for analysis. Data were collected via Axopatch 200B amplifier (Axon Instruments/Molecular Devices, Sunnyvale, CA) and Digidata (Molecular Devices), and processed using pClamp8 (Molecular Devices). mEJP and EJP parameters were detected under consistent settings using MiniAnalysis (Synaptosoft, Decatur, GA).
In situ proximity ligation assay (PLA)
HEK293T (ATCC) cells, whose morphology was used for identification and are routinely used in the lab, were grown in DMEM (Dulbecco's Modified Eagle's Medium) and supplemented with L-glutamine, penicillin/streptomycin (ThermoFisher Scientific), and 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA), and, one day before transfection, plated on glass coverslips in a 24-well plate at a density of 0.15 million cells/mL. Constructs were transfected using standard calcium-phosphate protocol. Transgenes were under the control of a UAS promoter and co-transfected with a CMV-Gal4 construct. Cells were fixed with 4% paraformaldehyde in 1X PBS approximately 40 hr post transfection. PLA was performed using Duolink/PLA reagents (Sigma-Aldrich), according to the manufacturer's protocol. The blocking solution used was 5% normal goat serum in 0.3% Triton-X solution in 1X PBS. The following primary antibodies were used: mouse anti-V5 (Life Technologies (RRID:AB_2556564); at 1:500); rabbit anti-GFP (Life Technologies (RRID:AB_221569); at 1:1000). Cells were imaged using the Zeiss LSM700 confocal microscope with a 63x oil objective and images were acquired using the Zen software; GFP+ cells were counted manually and scored as PLA+ if they had more than three puncta of PLA reaction product.
